Abstract Bi 2 Ba 2 Co 2 O x thermoelectric materials have been prepared through three different synthesis methods. The corresponding precursors were obtained from a coprecipitation method using oxalic acid, attrition milling, and classical solid state method (used as reference). Microstructural studies of precursors have shown that the ones produced by coprecipitation and attrition milling led to smaller grain sizes than the ones obtained through ball milling. Infrared spectroscopy has demonstrated that a thermal treatment at 450°C totally decomposes the metallic oxalates, producing a mixture of Bi and Co oxides, and Ba carbonate, the same average composition of the other precursors. After sintering procedure, it has been determined that the small grain size precursors produce high-density samples, reflected in a decrease of electrical resistivity without significant modification of the Seebeck coefficient. As a consequence, power factor values are more than two times higher than the measured in samples prepared by the classical solid state method. Moreover, the highest power factor values are in the order of the best reported in textured materials, demonstrating the critical role of precursors in the final properties of these materials.
Introduction
Thermoelectric (TE) materials are characterized by their capability to directly transform thermal to electrical energy. Nowadays, they are considered one of the most promising methods to fight against global warming, decreasing the CO 2 emissions in numerous energy transforming systems by increasing their efficiency. Moreover, they can also be used for clean energy generation from solar radiation [1] . Nevertheless, before massive applications, these materials should possess high efficiency at working temperatures, which is quantified with ZT (dimensionless figure-of-merit). ZT is calculated from the TS 2 /ρκ expression, where T, S, ρ, and κ, are absolute temperature, Seebeck coefficient, electrical resistivity, and thermal conductivity, respectively [2] . On the other hand, the electrical part of this equation (S 2 /ρ), called power factor, PF, is often used to determine the performances of these materials.
Nowadays, different materials show high performances at their working temperatures, as Bi 2 Te 3 , or PbTe [3, 4] . However, they cannot work at high temperatures as they can melt or oxidize when working under air, drastically limiting their practical applications. These temperature limitations were surpassed in 1997 by the discovery of attractive thermoelectric properties in Na x CoO 2 [5] , leading to intense research work in CoO-based materials [6] [7] [8] [9] , with high working temperatures. Moreover, all these CoO-based materials are characterized by a large anisotropy, which has been exploited to raise the performances of anisotropic materials through grain alignment techniques [10] [11] [12] [13] to obtain thermoelectric performances close to the achieved in single crystals. Furthermore, doping processes have been also applied to tailor their properties [14] [15] [16] by modifying the Co 3+ /Co 4+ relationship in the conducting layer, in agreement with Koshibae's expression [17] .
On the other hand, there is not enough work performed on the effect of preparation routes on the properties of these ceramic materials, while it is well-known that the precursors play a critical role on the performances of sintered bodies. Most of the precursors used to prepare these ceramics are obtained via the classical solid state route [10] , which usually leads to incomplete reactions, and compositional inhomogeneities, among others. These problems can be solved using other precursor preparation methods, typically the wellknown sol-gel ones [11, 18, 19] . On the other hand, other promising processes [20, 21] are not very often applied, as they need more work to be optimized.
In this work, two different synthesis methods which produce precursor powders with very high surface/ volume relationship will be studied and compared with the classical solid state route. These two processes are coprecipitation with oxalic acid and attrition milling. The advantage of the first method is the intimate mixture of cations in the precipitate, while the second one is adequate to produce small particle sizes in much higher amounts than the first one. The final bulk properties will be determined, related with the microstructure and compared with those obtained on solid state prepared samples.
Experimental
The initial Bi 2 Ba 2 Co 2 O x precursors were prepared through the following methods: 3 for the coprecipitation, attrition milling, and classical solid state samples, respectively. Hereafter, samples produced by coprecipitation will be named P1, by attrition milling, P2, and by classical solid state, P3.
The precursors characterization has been performed all along the process using DTA-TGA (TA Instruments, SDT Q600) under air between room temperature and 800°C, and FTIR (Bruker Vertex 70) to identify the intermediate products.
Moreover, their microstructural and grain size evolution has been studied in a Field Emission Scanning Electron Microscope (FESEM, Carl Zeiss Merlin) using secondary electrons under an applied voltage of 3 kV.
In sintered materials, phase identification has been performed through powder X-ray diffraction (XRD) in a Rigaku D/max-B X-ray powder diffractometer (CuKα radiation) with 2θ ranging between 5°and 60°. Microstructural observations were performed on polished surface sections of samples using backscattered electrons under an applied voltage of 20 kV in a FESEM equipped with an energy dispersive spectrometer (EDS) to determine the elemental composition of each phase. Furthermore, grain sizes were estimated through several micrographs using the line intercept technique. The electrical resistivity and Seebeck coefficient were simultaneously measured by the standard dc four-probe technique in a LSR-3 system (Linseis GmbH) between 50 and 650°C. Furthermore, with the electrical resistivity and Seebeck coefficient data, PF (=S 2 /ρ) has been calculated to determine the TE performances of each sample. Finally, density of the different samples has been determined using the Archimedes method in, at least, four samples of each synthesis method, taking 7.20 g/cm 3 as theoretical density [23] .
Results and discussion
Precursors FTIR characterization FTIR spectra obtained in representative samples are displayed in Fig. 1 . The study of the absorbance bands in the dry precipitate ( Fig. 1(a) ) has shown the formation of Bi, Ba, and Co oxalates. These bands are identified in Fig. 1(a) by the corresponding cation, in agreement with previously published data [24] . After thermal treatment at 450°C, the spectrum drastically changes (see Fig. 1(b) ), showing the decomposition of oxalates and the formation of barium carbonate, indicated in Fig. 1(b) by the corresponding cation [24] . The other cations are not observed in the spectrum as they are forming Bi and Co oxides [25] . This spectrum is also the same obtained in the P2 and P3 dry mixtures. The thermal treatment at 700°C promotes the BaCO 3 decomposition, which is partial in the P3 samples (see Fig. 1 (c)), while it is nearly complete in the P1, and P2 ones (see Fig. 1(d) ). As a consequence, the second thermal treatment at 750°C is necessary to totally decompose this carbonate, as illustrated in Fig. 1 (e) for the classically prepared precursors.
Microstructural characterization
SEM observations of precursor powders in the first stages of preparation are displayed in Fig. 2 . Figure 2a shows the aspect of the precipitated oxalates, formed by large grains, indicating that the followed procedure has formed a limited number of nucleation centres which grow during the precipitation process, in agreement with previous results [21] . This structural feature clearly favours the easy separation of remaining liquid and the precipitate, avoiding materials losses. When the precipitate is subjected to a thermal treatment at 450°C for 1 h, the oxalates are decomposed and the mixture is formed by barium carbonate, and Bi, and Co oxides, the same composition determined for the P2, and P3 precursors, according to FTIR data. In this stage, all three samples show clear differences between them (see Fig. 2b-d) . P1 precursors are composed of large agglomerates of very small particles (<50 nm). On the other hand, P2 precursors are formed by a mixture of large and small particles, while P3 has a more regular size distribution but larger grain sizes. These microstructural features have been reflected in the partial BaCO 3 decomposition at 700°C in P3 precursors, while it is nearly complete in the other two, observed in the FTIR results. These differences can be easily associated to the different grain sizes of precursors in this processing step, as lower grain sizes imply larger surface area and reactivity. After calcining procedure, the powders microstructure is totally modified, as illustrated in Fig. 3 . As it can be easily observed, the higher reactivity of P1, and P2 powders promote a very important grain growth leading to higher grain sizes than the ones observed in P3 samples. Moreover, the intimate mixture of cations produced through the coprecipitation process is also reflected in the lower amount of very small unreacted grains found in the surface of the platelets, compared with the attrition samples (compare Fig. 3a, b) . Consequently, after the calcining procedure, it seems that P1 process leads to the most homogeneous precursors among the three procedures.
Sintered materials

XRD characterization
Powder XRD patterns performed on sintered samples produced through the three synthesis methods are presented (from 5°to 40°for clarity) in Fig. 4 . The data represented in the graph clearly show that all samples possess similar patterns and all peaks indexed in the plot correspond to the Bi 2 Ba 2 Co 2 O x phase [26, 27] . Moreover, no other phases have been identified in any of the samples, indicating that the amount of secondary phases should be very small or, in other case, their peaks could be overlapped with those of the thermoelectric phase.
Microstructural characterization
SEM micrographs of representative polished surfaces of sintered materials prepared from the different precursors are displayed in Fig. 5 . In these images, it can be clearly seen that all the sintered samples show the typical microstructure of sintered materials, formed by randomly oriented plate-like grains. Other interesting observation which can be made comparing these micrographs is that P1 samples possess lower porosity than the other ones. Careful observation of their microstructures has shown that all samples are composed of different phases (distinguished by their different contrast). These phases are numbered for clarity, #1 corresponds to the thermoelectric Bi 2 Ba 2 Co 2 O x (major phase in all the samples, grey contrast), accompanied by #2 (cobalt oxide, black contrast) in P2 samples, and #3 and #4 (Bi-Ba, and Ba-Co oxides, bright, and dark grey contrasts, respectively) in P3 ones. These microstructural differences clearly reflect the influence of initial grain sizes and homogeneity of precursors. As it is well-known, coprecipitation processes lead to an intimate mixture of cations and, consequently easily produces a single Bi 2 Ba 2 Co 2 O x phase. On the other hand, attrition milling decreases the initial grain sizes, increasing their reactivity and leading to nearly pure phase materials, while the classical solid state route produces the highest amount of secondary phases due to the larger grain sizes of precursors, as evidenced in the previous sections. The thermoelectric phase content in the different samples has been determined through image analysis in several micrographs, confirming these observations, with values around 94, 88, and 80% for the P1, P2, and P3 samples, respectively. Moreover, the estimated grain sizes in the sintered bodies for each synthesis method, 5.8 ± 0.4, 6.8 ± 0.5, and 4.5 ± 0.5 μm for P2, P1, and P3 samples, respectively, agrees with these previous observations.
Thermoelectric characterization
The measured thermoelectric properties in the samples prepared in this work, as well as the reported in the literature, are summarized in Table 1 for a clear comparison of the different parameters.
Electrical resistivity data displayed in Fig. 6 show metalliclike behaviour for all samples (dρ/dT > 0), with values clearly reflecting the microstructural features previously discussed. Electrical resistivity drastically decreases for P1 and P2 samples, compared with P3 ones, due to their higher content of thermoelectric phase, in agreement with previously published data [35] . Moreover, P1 samples show lower resistivity than P2 ones, due to their lower porosity (see Fig. 5a, b) promoted by the intimate mixture of the different cations in the P1 precursors. These observations have been confirmed through density measurements of these sintered materials, which showed the following values: 91 ± 2, 85 ± 3, and 78 ± 2% of the theoretical one for the P1, P2, and P3 samples, respectively. The minimum values at room temperature measured in P1 samples are much lower than the generally obtained in sintered materials [28, 29] and comparable to the determined in textured samples [9, [30] [31] [32] . Furthermore, they are not far from the reported values in single crystals along the ab plane. At high temperatures (650°C), P1 samples still display the lowest values which are about one half of the best measured ones in classically sintered materials [29] but slightly higher than the reported for textured materials [9, 30, 32] . It is also worth to mention that the electrical resistivity values obtained in this work have been measured in samples composed of randomly oriented grains which should present much higher electrical resistivity than textured samples due to the high anisotropy of these materials. Figure 7 displays the variation of the Seebeck coefficient as a function of temperature for samples prepared from the different precursors. All of them exhibit positive values in the whole studied temperature range, confirming a dominating hole conduction mechanism. Moreover, they show the same behaviour reported for this kind of materials, S is increased when the temperature is raised in all cases [36] . On the other hand, P1 and P2 samples exhibit a practically linear increase with temperature, corresponding to a degenerated semiconductor or metallic behaviour, while P3 ones differ from this evolution probably due to the presence of a higher amount of secondary phases. Furthermore, P3 samples possess slightly higher S values than the other ones, in agreement with the electrical resistivity data. The room temperature values measured in these samples are very similar (see Table 1 ) indicating a similar Co 3+ / Co 4+ relationship and a Co 4+ fraction of 0.7 using Koshibae's equation [17] . The highest values at room temperature are higher than the reported in sintered materials [28, 29] and slightly lower than the measured in textured materials [9, [30] [31] [32] , or single crystals [33, 34] . Moreover, at high temperatures (650°C), the maximum values measured in this work are higher than the reported in textured materials [9, 30, 32] and still much higher than the obtained in sintered materials [29] .
PF variation with temperature has been calculated from the electrical resistivity and Seebeck coefficient values and is presented in Fig. 8 . In the graph, it can be easily observed that P1 and P2 samples show very high PF values, compared with P3 ones. This effect is due to the already mentioned effect of small precursors grain sizes, reflected in higher homogeneity, and density, together with lower amount of secondary phases. Moreover, the improvement of P1 samples, compared with P2 ones can be explained by the intimate mixture of cations produced in the coprecipitation process. The highest PF values at room temperature are more than two times higher than the obtained in P3 samples and much higher than in sintered materials [28, 29] . Moreover, they are in the order of textured materials [9, [30] [31] [32] , although lower than the reported in single crystals [33, 34] . On the other hand, at high temperatures (650°C), the highest values are much higher than the typical reported in sintered materials [29] and in the order of the obtained in textured materials [9, 32] , with the only exception of textured rods grown at very low rates (5 mm/h) [30] .
Finally, it is important to highlight that the high PF determined in this work has been obtained in sintered samples with randomly oriented grains, nearly reaching the values obtained in well textured samples. From these results, it is possible to conclude that precursors play a critical role in the final performances of these thermoelectric materials. As a consequence, it is necessary to carefully select the preparation routes to obtain high performances materials for practical applications in hightemperature thermoelectric devices.
Conclusions
Bi 2 Ba 2 Co 2 O x thermoelectric materials were successfully prepared by three different synthesis methods: coprecipitation with oxalic acid, attrition milling, and classical solid state method. [33, 34] 4 -10 -110 -0.12-0.30 - Fig. 6 Variation of electrical resistivity with temperature for sintered materials prepared from the different precursors P1 (diamond), P2 (square), and P3 (circle) Fig. 7 Variation of the Seebeck coefficient with temperature for sintered materials prepared from the different precursors P1 (diamond), P2 (square), and P3 (circle)
Microstructural studies of precursors have shown that coprecipitation and attrition milling methods lead to much lower particle sizes than the classical solid state one. The decrease of particle sizes in the precursors leads to higher density and phase purity materials after the sintering procedure due to their higher reactivity. These microstructural improvements are clearly reflected in the decrease of electrical resistivity without significative decrease of the Seebeck coefficient. As a result, the highest PF values obtained in this work are much higher than the reported in sintered materials. Moreover, they are comparable to the typical ones measured in textured materials, being only surpassed by materials grown at very low rates and single crystals. As a consequence, it has been demonstrated that the selection of an adequate synthesis method plays a critical role in the final performances of Bi 2 Ba 2 Co 2 O x materials.
